The estimation of aboveground biomass density (organic dry mass per unit area) is required for balancing Canadian national forest carbon budgets. Tree biomass equations are the basic tool for converting inventory plot data into biomass density. New sets of national tree biomass equations have therefore been produced from archival biomass data collected at the beginning of the 1980s through the ENergy from the FORest research program (ENFOR) of the Canadian Forest Service. Since the sampling plan was not standardized among provinces and territories, data had to be harmonized before any biomass equation could be considered at the national level. Two features characterize the new equations: estimated biomass of the compartments (foliage, branch, wood, and bark) are constrained to equal the total biomass, and dependence among error terms for the considered compartments of the same tree is taken into account in the estimates of both the model parameters and the variance prediction. The estimation method known to economists as "seemingly unrelated regression" allowed the inclusion of dependencies among the error terms of the considered biomass compartments. Sets of equations based on diameter at breast height (dbh) and on dbh and height have been produced for 33 species, groups of hardwood and softwood, and for all species combined. Biomass predicted by the new equations was compared with that estimated from provincial equations to evaluate the loss of accuracy when scaling up from the regional to the national scale. Bias and error of prediction from the set of national equations based on dbh and height were generally more similar to those from provincial equations than to those of predictions from the set of equations based on dbh alone.
Introduction
Between 1980 and 1995, the earth's biosphere actively removed approximately 30% of the new carbon added to the atmosphere by human activities (Houghton 2000; Apps 2003) .
Atmospheric CO 2 is taken up by terrestrial ecosystems through photosynthesis, but most of this uptake is naturally and rapidly reemitted into the atmosphere (Schulze et al. 2000) , and only a relatively small fraction of plant carbon enters long-term storage, such as in wood and humus (Intergovernmental Panel on Climate Change 2001). Consequently, the earth's biosphere can oscillate between being a source or a sink of atmospheric CO 2 , depending on ecosystem productivity and disturbance regime (Apps 2003) . Because of their high carbon density, forests play an important role in the national net balance of global climate change induced by greenhouse gases, because changes in the carbon stock of trees determine the status of forests as an atmospheric source or sink (Kurz et al. 2002) . National forest carbon budgets that have been constructed to address the source and sink topic can be based on biomass density estimation (organic dry mass per unit area) (Kurz and Apps 1999; Pacala et al. 2001) . When forest inventory plot data are used for estimating biomass density, tree biomass equations that can be consistently applied on a national scale represent a basic tool for converting inventory plot data into biomass density.
Since the comprehensive review of biomass equations for 65 North American tree species by Ter-Mikaelian and Korzukhin (1997) there has been an increasing need for generalized and consistent biomass equations to model the carbon cycle at the national scale. Jenkins et al. (2003) responded to this need for the United States by adopting a so-called generalized regression method proposed by Pastor et al. (1984) . Pastor et al.'s method (1984) is based on published equations and has two major weaknesses. Firstly, biomass pseudodata are generated from the published equations and are used as though they were real data for the estimation of the generalized parameters equations. The data set on which the generalized equations are based is then highly autocorrelated. This departure from the usual assumptions of least squares estimation does not bias the estimates of the regression coefficients of the generalized equations but they are neither best linear unbiased estimates (BLUE) nor efficient under these conditions (Kmenta 1986, p. 308) . Moreover, the estimated variances are biased and the conventionally calculated confidence intervals and tests of significance are not valid (Kmenta 1986, p. 311) . Finally, the reported R 2 values are meaningless. Secondly, the potential bias in sample selection at a nationwide scale cannot be addressed by the fact that a published equation based on a single site has the same weight in the final equation as another equation based on several sites. Moreover, the generation of pseudodata cannot take into account the relative precision of the regression coefficients, which must reflect the sample variability and the sample size effect. In addition, using a selection of publications can result in a publication bias.
In Canada, the existing biomass equations were established at the provincial and territorial scale during the 1980s through the ENergy from the FORest research project (ENFOR) of the Canadian Forest Service (Appendix A), which dealt with each province and territory separately. However, in terms of the need for a generalized and coherent set of biomass equations, these existing equations remain disparate, sometimes unpublished, and sometimes with undetermined error. National equations avoid the artificial presence of provincial and territorial frontiers, which are only administrative and not ecological limits. has already used the complete ENFOR data set to produce national biomass equations. For each of the 18 Canadian species considered, stem wood, stem bark, and crown were predicted by three independent equations using diameter at breast height (dbh) and height as explanatory variables. Evert's equations (1985) have, however, a major flaw in assuming independence among compartments (crown, wood, and bark) of the same tree, while, in fact, the three compartments considered are dependent. Moreover, did not separate leaf biomass from branch biomass, even if leaf biomass is recognized to be an important input variable in carbon cycle modeling (Körner 1994) . The purpose of this paper was to eliminate the weakness of Evert's equations (1985) by recovering the archival ENFOR biomass data, organizing it into a coherent biomass data set, and producing a national system of equations for the aboveground compartments of tree biomass with an estimated accuracy. This effort responds to the concern in accounting for the uncertainty in balancing the countrywide carbon budget.
Materials
The aboveground biomass compartments considered are illustrated in Fig. 1 . The stem is delimited between ground level and tree top and is partitioned into stem wood and stem bark. All branches are cut at the stem base. Leaves and twigs represent the foliage compartment. According to , stump biomass was determined based on the ratio of stump volume (stump height at 0.30 m) to the volume of the lower merchantable section. Dead branches, cones, and fruits are not included as part of aboveground biomass in this work . Details on field and laboratory procedures for each province can be found in ENFOR references (Appendix A) .
Major efforts have been made to harmonize the data sets recovered from archival tapes of the ENFOR program (Fig. 2) . However, all the data could not be recovered: British Columbia data are missing, and Maritimes data have been partially re- covered but it is not clear whether the information comes from New Brunswick or Nova Scotia. Moreover, as illustrated in Fig. 3 , the sampling protocol was different for Quebec. For softwood species, branches and needles have not been separated (Fig. 3A) . For hardwoods, the basal part of some branches was included in the stem, as branches were cut at the 9 cm diameter (Fig. 3B ). Foliage has not been separated from branches (Fig. 3B) . The following logit regression has been established for each species (Appendix B) from other provinces' data to separate foliage from branches:
where $ p is the predicted proportion of branches, $ α and $ β are model coefficients, and D is the diameter at breast height (dbh in centimetres).
Wood and bark were not separated for some trees from Newfoundland. Hence, proportions of stem wood were computed from the data of other provinces, as for the crown components in Quebec.
Trees were sampled within the plot, but plot information (identification of the plot, location, size, stand type, stand density, and stand height) was not always available. Some provinces' and territories' biomass definitions in the ENFOR information reports were not clear (Appendix A) . Sometimes, specifications for stump, dead branches, or cones and fruits were not mentioned. It was thus assumed that the biomass of these compartments was measured according to Aldred and Alemdag's protocol (1988) . In addition, the definition of twig might vary slightly. Detection of anomalous and influential data was done with graphical distributions of biomass values and by comparing green and dry masses. The distribution of the harmonized biomass data is presented in Table 1, while Table 2 presents descriptive statistics for dbh, height, and total biomass. 
Methods
As proposed by Parresol (1999 Parresol ( , 2001 ), a set of nonlinear regression equations was specified in such a way that (i) each compartment regression contains its own independent variables, and the total tree regression is a function of all the specified independent variables; (ii) each regression can use its own weight function; and (iii) additivity is ensured by setting constraints on regression coefficients so that the predicted biomasses of the compartments add up to the prediction of the total biomass. The set of equations was calibrated with the procedure MODEL in SAS/ETS (SAS Institute Inc. 1999a), using joint generalized least squares, more commonly called seemingly unrelated regressions (Gallant 1987) . This technique results in lower variance of the regression coefficients by taking into account the contemporaneous correlations among the regression residuals of the equations (Parresol 1999) . In fact, it is more realistic to consider that compart-Provinces and territories †   Species*  AB  BC  MB  NB  NL  NS  NT  ON  PE  QC  SK  YT  Total   Alpine fir  60  60  Balsam fir  20  20  283  49  70  177  20  639  Balsam poplar  20  20  50  97  20  207  Basswood  80  80  Beech  81  96  177  Black ash  31  42  73  Black cherry  78  78  Black spruce  20  20  300  49  48  73  714  20  290  1534  Eastern hemlock  148  87  235  Eastern redcedar  33  33  Eastern white-cedar  91  93  184  Eastern white pine  144  55  199  Grey birch  43  43  Hickory  35  41  76  Hop-hornbeam  14  14  Jack pine  20  21  41  52  74  136  20  364  Largetooth aspen  100  100  Lodgepole pine  60  141  201  Red ash  27  27  Red maple  46  68  63  177  Red oak  117  117  Red pine  47  272  52  371  Red spruce  55  55  Silver maple  40  40  Sugar maple  113  122  235  Tamarack larch  20  20  232  46  56  84  97  20  575  Trembling aspen  20  19  67  46  54  226  133  20  188 dbh-based set of equations dbh-and height-based set of equations tical model for efficient parameter estimation and reliable prediction intervals (Parresol 2001; Carvalho and Parresol 2003) . While many researchers have reported that dbh is an adequate biomass predictor at local or regional scales, others have suggested that both dbh and height must be used for larger scale applications (Jenkins et al. 2003) . As dbh can easily be measured, while tree height is not always measured, two sets of equations were developed: dbh-based equations and dbh-and height-based equations. Allometric equations (sensu Smith 1980) were used to relate biomass compartments with dbh and height. The dbh-based equations are where y i is the dry biomass compartment i of a living tree (kilograms); i is wood, bark, stem, foliage, branches, crown, and total; $ y i is the prediction of y i ; D is the dbh (centimetres); β jk are model parameters with coefficient estimates b jk ; j is wood, bark, foliage, and branches; k = 1 or 2; and e i are the error terms.
The dbh-and height-based equations are 
where H is the height in metres; stem, crown, and total aboveground biomasses are obtained by adding their respective compartments (k = 1, 2, or 3). Heteroscedasticity often occurs in biomass data and is caused by an increase of residual variance when dbh or height increase. Usually, logarithmic transformation is used to address this problem. However, Parresol (2001) found that modeling the error structure on the original data scale gives dbh-based set of equations dbh-and height-based set of equations is the system variance; $ σ ii is the variance of the error from each compartment i; AdjRSq is the adjusted coefficient of determination; RMSE is the root mean square error on the original scale; and c is the exponent in the weight function (D c ). Missing values of c (-) correspond to parameter estimates not significantly different from zero (α = 0.05). results as good as or even better than applying a transformation. Moreover, logarithmic transformation leads to predictions with a bias on the original scale. Various methods have been proposed for correcting this bias (Baskerville 1972; Ung and Végiard 1988) . The Baskerville estimator may be biased for small sample sizes (Flewelling and Pienaar 1981) , and it tends to overestimate the true bias (Hepp and Brister 1982) . Hence, no data transformation has been used, and heteroscedasticity was addressed by considering that ordinary least squares residuals (e) are proportional to a power of D for each biomass compartment considered and total biomass:
The verification to check the normality of the standardized residuals for both equation systems was based on kurtosis and symmetry (SAS Institute Inc. 1999b). Variance homogeneity was verified with plots of standardized residuals (SAS Institute Inc. 1999b) . Tests on dbh and height parameters were performed with a 5% significance level. The confidence limit formulas can be found in Parresol (2001, eq. 28) for mean value (eq. 5) and individual predictions (eq. 6) of each biomass equation:
where $ y i is the biomass prediction for component i (i is wood, bark, stem, foliage, branches, crown, and total); S y i $ 2 is the estimated variance for the ith component of observation $ y i ; $ σ SUR 2 is the seemingly unrelated regression system variance; $ σ ii is the variance of the error from each compartment i; and ψ θ i i ( $ ) is the estimated weight (D c ). Adopted fit statistics are the adjusted coefficient of determination (AdjRSq) and the root mean square error (RMSE).
To allow the assessment of biomass at local, regional, and continental scales, tree biomass data have been pooled at three progressive levels of aggregation: (i) species, (ii) groups of hardwood and softwood, and (iii) all species combined. Four species have been selected for a deeper comparison with already published equations: black spruce, trembling aspen, balsam fir, and white birch. Canada. Particularly, the 714 black spruce from Quebec (Table 1) represent nearly half of all black spruce sampled in Canada and thus have an excessive weight in the national equation estimates. Branch and foliage biomasses in Quebec and stem wood and bark biomasses in Newfoundland were separated through a regression model based on data from other provinces. These two artifices were required to harmonize the data across Canada, but they introduced some correlation in the data and artificially reduced their variability. Also, for the hardwood species in Quebec, the branch portion between the branch base and the 9 cm diameter was included in the stem compartment. Unfortunately, no information was available to separate this branch portion from the stem. This causes a source of unknown bias in the national equations and could induce an overall overestimation of stem biomass and an underestimation of crown biomass. Furthermore, the estimation of the proportion of foliage and branches for the trees in Quebec should in turn introduce an overestimation of branch biomass compared with an underestimation of foliage biomass for a given crown biomass. This is due to the fact that the proportion equation (eq. 1) was estimated with trees from the other provinces that contain the branch portion between the branch base and the 9 cm diameter in their branch compartment.
In spite of the aforementioned limitations, both national system equations are well suited for policy-relevant purposes such as carbon accounting in the framework of the Kyoto Protocol. In fact, these generic biomass equations are directly applied to the dimensional tree scale of the national forest inventory data according to two possible scenarios: (i) dbh-based equations are recommended when tree height is not measured in the inventory plot, (ii) dbh-and heightbased equations will be useful when both dbh and height data are available for all trees in the inventory plot. Moreover, the produced generic biomass equations can be used for verifying the allometry theory proposed by Enquist (2002) as an organizing principle for quantifying the relationship between tree size and biomass across spatial scales.
ENFOR did not consider all the Canadian tree species that are present in the national inventory data. To mitigate the consequences of the excluded species, additional equations by groups of hardwood and softwood species have been produced to allow the computation of biomasses of the missing species. The grouping of species is done on a genus basis, without any structural or physiological criteria. However, the grouped species equations may be useful to address the determination of functional groups within the framework of scaling up from a lower level to a higher level of vegetation responses to atmospheric changes (Körner 1993) .
Conclusion
A major effort has been deployed to recover the archived ENFOR biomass data and to harmonize the data to develop national biomass equations. Sets of equations based on dbh and on dbh and height separate total tree biomass into foliage, branch, wood, and bark compartments. The seemingly unrelated regression method was used to estimate the parameter equations to consider both the correlation between compartments and the additivity property of the biomass compartments.
Even if they have been developed for national applications, they can also be used for provincial or territorial purposes when necessary. The limitations of the produced equations have been openly discussed. They are essentially caused by the absence of a standard sampling plan and of a standard tree harvesting protocol to collect the biomass. The national biomass equations were produced with particular emphasis on estimating their bias and error. Such estimations are essential to address the uncertainty of the biomass density estimated when balancing the national carbon budget.
